Introduction
Glutamate is the most important excitatory transmitter substance in the central nervous system and, as is generally the case for information-carrying biomolecules, extends its range by having multiple recognition sites coupled to different post-receptor signalling systems.
The receptors for glutamate can be divided broadly into ionotropics, which are coupled to ion channels and mediate fast (ms time-scale) responses (N-methyl-l)-aspartate, a-amino-3-hydroxyl-Sniethylisoxazole-4-propionic acid, kainate receptors), and the more recently identified metabotropic receptors (mCluRs), which are part of the G-protein-linked superfamily. This latter group is responsible for the slower effects brought about by the regulation of intracellular second messenger levels.
The mGluRs are made up of a family of five receptors (mGluR, plus alternatively spliced variants, that have been cloned, sequenced and expressed in model cell systems, and a sixth that has yet to be fully characterized [ 11. They appear to have the expected seven transmembrane-spanning regions characteristic of G-protein-coupled receptors, but are unusual in being very large (mGluR, has 1199 amino acids) and in having long hydrophilic tails both on the N-and on the C-terminal sides of the transmembrane region. They show little or no sequence similarity with other G-proteinlinked receptors.
It should come as no surprise that the mGluRs couple to a variety of second-messengergenerating systems, but here a plea for caution should be made since many of the studies concerned with mGluR function have employed model cells transfected with the different mCluRs. There is now compelling evidence from studies of a number of receptor systems that, given sufficient receptor a-(carboxycyclopropy1)glycine ( I,-CCG-I) 2 aminocyclopentane dicarboxylate (t-APCD), but with regard to their efficacy, only l,-glutamate appears to be a full agonist at rnGluR,, whereas t-ACPD is also a full agonist at mGluR,. IX-2-amino-3-phosphonoproponoate (L-AP3) is a weak non-competitive antagonist of mGluR,, but not mGluR5, and recently it has been shown that (S)-4-carboxyphenylglycine is a weak competitive antagonist of mGluR, [S] .
A reasonable assumption would be that the mGluR, and mGluR, are coupled directly via a G-protein to a phospholipase C (PLC) but this might be an oversimplification since, in certain brain preparations, the mGluR-stimulated hydrolysis of phosphoinositides is highly dependent on extracellular CaL+. In slices of guinea pig cerebral cortex the rapid formation of inositol 1,4,5-trisphosphate (1, 4, ) in response to quisqualate and t-ACPD is abolished in the absence of extracellular Ca'+ whereas the response to 1,-glutamate is unaffected [6] . The most likely explanation is that part of the 'metabotropic' response is, in fact, ionotropic due to CaL+ entering via either voltage-sensitive or receptor-operated channels and activating PLC, but why glutamate should act in this respect as an apparently 'pure' mGluR agonist is a puzzle.
Volume 2 I

Cross-talk between Receptors and lntracellular Second Messenger Systems
The response to quisqualate has also been suggested by Baird et al. [7] to consist of a complex interaction between mGluRs and ionotropic receptors in which Ca'+ entry stimulates the formation of inositol mono-and bisphosphates directly and diverts the metabolism of 1,4,5-InsP3 to inositol tet rakisp hosphate.
The involvement of Ca2+ channels in the phosphoinositide response is supported by electrophysiological evidence of large potentiations of ionotropic receptor-mediated increases in Ca2+ gating by 1SJR-ACPD in the rat spinal cord [8] . The heterogeneous nature of the mGluR phosphoinositide response is also illustrated by the finding of only partial inhibition of the response by pertussis toxin (PTX) in CHO cells transfected with mGluR, receptors [9] . This could represent the involvement of two separate G-proteins directly coupled to PIX, of a single G-protein only partly sensitive to PTX or of two G-proteins, one coupled to the phospholipase and the other controlling a Ca2+ channel. Alternatively, part of the response could be due to G-protein-independent Ca2+ entry. It should be pointed out, however, that there is good evidence for a direct suppression of N-type Ca'+ channels by 1S,3R-ACPD-sensitive metabotropic receptors in hippocampal neurons by a G-protein-dependent but second-messenger-independent mechanism Also, it has proved to be difficult to demonstrate direct activation of P I L in cell-free membrane preparations stimulated with glutamate or any other excitatory amino acids (S. P. H. Alexander, D. A. Kendall and S. J. Hill, unpublished work) under conditions in which muscarinic receptor activation is evident, emphasizing the complexity of the metabotropic response.
In addition to the partial dependence of Ca2+, mGluR function also appears to be under the influence of the other effector that is activated by the products of phosphoinositide hydrolysis, that is, protein kinase C (PKC Cyclic AMP l r z l Inhibitory effects of mGluRs The predominant relationship between mGluRs and adenylyl cyclase is a negative one and mGluR,, mGluR3 and mGluR, all inhibit the accumulation of cyclic AMP when expressed in CHO cells [13, 141. mGluR, and mGluR, are closely related structurally and pharmacologically [15] having the same ranking order of agonist potency of: I,-CCG-I > 1,-glutamate > t-ACPD > -ibotenate > > quisqualate, which is quite distinct from that of the PLC-linked mGluR, and mGluR,, particularly with regard to the low potency of quisqualate. mGluR, has an agonist potency order of:
The high potency of r,-AP4 has led to the recent suggestion that the electrophysiologists' ' L -A P~ receptor', which functions as an inhibitory autoreceptor, is in fact the mGluR,.
It should be possible therefore to distinguish between the effects of the inhibitory receptors in 'natural' cells and tissues on the basis of the more selective agonists, although at the present time there is no selective antagonist for any of the cyclaselinked mGluRs.
In the absence of high-affinity radioligands, which would make the task much simpler, the distribution of the mGluRs has been mapped in rat brain using in situ hybridization of cDNA probes [13, 151. mGluR2 mRNA was observed in cerebellar Golgi cells, granule cells of the dentate gyrus, most cerebral cortical neurons and intrinsic neurons of the olfactory bulbs. mGluR, mRNA is expressed highly in neurons of the cerebral cortex and caudate, in granule cells of the dentate gyrus and in glial cells throughout the brain. mGluR, mRNA expression is restricted to the cerebellum, olfactory bulbs and thalamus.
In our studies, using guinea pig cerebral cortex slices, inhibition of forskolin-stimulated cyclic AMP formation has been observed in the presence of a number of excitatory amino acids including [,-glutamate itself [ 161. The stereoisomers of ACPD have proved to be useful compounds for distinguishing between the major mGluR groups in this preparation, the 15',3S-ACPD being about 100-fold more potent in inhibiting forskolin-stimulated cyclic AMP accumulation than in stimulating phosphoinositide hydrolysis [ 171. I,-CCG-I is even
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more selective ( > 500-fold) in the same comparison [ 181. It is assumed that the inhibitions are due to the direct coupling of mGluRs with adenylyl cyclase via an inhibitory G-protein, since the effects can be blocked, at least in some circumstances, by PTX (see, for example [ 191, but the extent of the inhibitions in brain slices (>90%) is surprising and suggests that most of the cells responding to forskolin must express inhibitory mGluRs.
There are probably other inhibitory mGluRs still to be identified since the pharmacology of some responses does not concur with those of the cloned rat mGluRs. For example, in murine striatal neurons, quisqualate, which is not an agonist of transfected mGluR, and mGluR,, is an effective inhibitor of forskolin-stimulated cyclic AMP accumulation [20] . No human clones have yet been identified and, in our studies to date, using neurosurgically derived human cerebral cortex, we have been unable to observe any inhibition of forskolin or of agonist-stimulated cyclic AMP accumulation with mGluR agonists (D. A. Kendall, J. C. Cartmell and P. Millns, unpublished work) and the potential importance of the mGluRs in the human central nervous system is clearly an open question.
Enhancement of cyclic AMP formation
In addition to activating phosphoinositide hydrolysis, mGluR,, transfected into CHO cells have been reported to enhance cyclic AMP accumulation [9] . This effect is probably mediated by a different G-protein from that coupled to PIX, since it is unaffected by phorbol esters and enhanced by PTX; the suggestion being that the PTX effect represents a release of the inhibition of the response due to the blockade of an inhibitory G-protein.
Some support for this positive effect on cyclic AMP formation being a reflection of a 'natural' mGluR response has come from experiments using rat hippocampal slices [21] in which 1SJR-ACPD and 1S,3S-ACPD were shown to increase cyclic AMP formation. Although it was suggested that this effect is independent of enhanced phosphoinositide hydrolysis, it is possible (see below) that it is caused by the direct potentiation of a response to an endogenous neurotransmitter. the presence of adenosine deaminase or adenosine A,, receptor antagonists [22] . In addition to stimulating adenosine release, glutamate also potentiates the A,, response since, in the presence of adenosine deaminase, glutamate enhances the cyclic AMP response to ADA-resistant adenosine analogues such as 2-chloroadenosine or 5'-N-ethylcarboxamidoadenosine (NECA).
Potentiations of this sort often result from combining directly acting agents with CaZ+-mobilizing receptor agonists. For instance, histamine H, receptor activation also augments the cyclic AMP response to adenosine in guinea pig cerebral cortex [23] . It comes as no surprise therefore to find that Ca2+ -mobilizing mGluR stimulation should also facilitate cyclic AMP accumulation indirectly.
In contrast to their effects on forskolinmediated cyclic AMP accumulation, mGluR agonists such as quisqualate, ACPD, I,-CCG-I (but not L-AP4) enhance the direct responses to NECA and H, receptor stimulation [24] . There is a good correlation between the potencies of the agonists in augmenting cyclic AMP formation and stimulating phosphoinositide hydrolysis, and the effects are stereoselective in that 1A,3S-and lS,3R-ACPD but not 1R,3R-or 1RJS-ACPD potentiate the response to NECA [ 171. Since the pharmacology of the potentiation is consistent with their being mediated by mGluRs coupled to P I X (that is, mGluR, and/or mGluR,) it seems reasonable to suggest that the mechanism might rely on one of the products of phosphoinositide hydrolysis, and there is some evidence to support this. The potentiation of the A,, response by glutamate in guinea pig cerebral cortex was resistant to Ca2+ chelation with EGTA [22] , but appeared to depend upon PKC activation. The effect of I,-CCG-I is partly PKC-dependent because it is reduced in the presence of the PKC inhibitor , but it also appears to require extracellular CaZ+ (as does the mGluR phosphoinositide response to agonists other than glutamate [6] because it is reduced in the presence of EGTA [ 181.
The augmentations of cyclic AMP appear then to rely upon extracellular Ca2+ and PKC activation, but whether they are the result of the activation of Ca2 + -dependent or PKC-activated adenylyl cyclases is not known. Another possibility has been suggested by Tang and Gilman [26] , who showed that free j3, subunits of a heterotrimeric G-protein could potentiate the activation of type I1 adenylyl cyclase by the a subunit of G,. In this context, j3, subunits could be generated by mGluR-mediated phosphoinositide hydrolysis but the distribution of type I1 cyclase in guinea pig brain is not known.
Indirect augmentation of cyclic AMP formation
Glutamate has been known for many years to be a stimulator of cyclic AMP formation in a number of brain preparations. This does not appear to be due to the direct coupling of a glutamate receptor to adenylyl cyclase but to be mediated by the release of endogenous adenosine because it is abolished in Volume 21
Other mGluR-mediated responses
In addition to mediating cyclic AMP formation and phosphoinositide hydrolysis, transfected mGluR, receptors in CHO cells also promote the release of arachidonic acid [9] presumably via the activation of phospholipase A,. This was completely inhibited by PTX and potentiated by phorbol esters, demonstrating that it is not a result of previous phosphoinositide hydrolysis. This is interesting since t-ACPD has been shown recently to enhance glutamate release from guinea pig synaptosomes only in the presence of arachidonic acid [27] and this might represent co-operation between pre-and postsynaptic mGluRs employing different signalling systems.
Also, Boss and Conn [28] have shown that a mGluR that is apparently distinct from those linked to PI,C and adenylyl cyclase stimulates phospholipase D in rat hippocampal slices. It is not known however whether this is a result of direct or indirect coupling.
Fotuhi et al. [29] made the intriguing observation recently that the distributions of mGluR, and the 1,4,5-InsP3 receptor in rat brain are quite different. This suggests that, in many brain areas, the effects of mGluR, might not involve 1,4,5-InsP3-mediated CaL+ mobilization primarily, but could reflect influences on PKC or other second messenger systems.
Final comment
A large family of metabotropic glutamate receptors has now been identified and an astonishing amount of data about their associated signalling systems has been generated in a short period of time. The challenge now is to discover the roles that they play in the physiology and pathophysiology of the brain.
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